Introduction
Non-metallic inclusions are formed from a variety of sources such as deoxidations, chemical interactions between the steel and slag, slag entrapment, breakdown of refractory materials and reoxidation by air. In particular, hard alumina inclusions are known to be detrimental to the mechanical properties of steel welds as well as to the steel materials themselves. [1] [2] [3] [4] [5] [6] Since alumina inclusions also affect the formation of internal stress, the control of morphology and size of alumina inclusions in aluminum killed (AK) steels has been an important focus in the steel industry. 7) Okohira et al. 8) found that dendritic alumina was enhanced at relatively high Al concentrations, i.e., 0.04-0.06 mass%, in low carbon aluminum killed (LCAK) steel. The critical supersaturation for alumina nucleation in AK steel was measured by Li and Suito 9) and was thermodynamically computed based on the Gibbs free energy change for nucleation by Wasai and Mukai. 10) Dekkers et al. [16] [17] [18] found that at high supersaturation, the initial stage of aluminum deoxidation was unstable during sampling, fast cooling and solidification, but subsequent isometric growth leads to the formation of spherical alumina due to a morphological instability of their surfaces. These spherical alumina particles grow into dendrites and form clusters. However, at low supersaturation, small faceted particles of less than 5 μ m were formed. And they [11] [12] [13] proposed that the morphology of alumina inclusions was dependent on its atomic structure, supersaturation degree, impurities and agglomeration followed by sintering.
As discussed by Dekkers et al., 12, 13) the formation of metastable secondary particles during sampling could not be avoided irrespective of the sampler used. This is the most ambiguous factor affecting the analysis of the morphology and size of inclusions in steel. In the current work, a novel experimental methodology was employed to clarify the effects of supersaturation degree, reaction time and surface roughness of the substrate on the morphology and size distribution of alumina inclusions formed at the iron/refractory interface.
Theoretical Background
The supersaturation degree, , with respect to alumina precipitation by Eq. (1) where K(1) is the equilibrium constant of Eq. (1), ai is the activity of i in the steel melt, and the subscripts 'obs' and 'eq' represent the observed and equilibrium values, respectively. The Gibbs free energy change, ΔG, for the homogeneous nucleation of alumina with radius r, is written as follows: If r > r*, nucleation occurs and stable alumina particles form and begin to grow. According to Eq. (6), the critical size of the nucleus decreases as supersaturation degree increases and interfacial energy decreases.
Experimental
As shown in Fig. 1(a) , the lower supporting material of the sample assembly is the alumina single crystal substrate whose top side was coated with pure aluminum (>99.999%) of variable thickness to control the supersaturation degree of alumina in molten iron using the general sputtering method (70 W, Ar 5 mL/min). And a pure iron foil of 100 μ m thickness (>99.99 %, 15×15 mm 2 ) was placed on top of the coated side in such a way that the aluminum on the substrate can diffuse through the molten iron layer. In case pure aluminum (>99.999%) of about 2 μ m thickness was coated on the substrate, the Al content in molten iron was estimated to about 0.11% under the assumption that all the Al content was dissolved into the pure Fe foil. As the upper alumina substrates, three types of single alumina crystals were used. They are polished sapphire single crystal [PSSC, C-face (0001)], unpolished sapphire single crystal [USSC, C-face (0001)] and fused alumina poly crystal [FAPC] . Then the sample assembly was wrapped by ash-less paper, dipped into alumina powder in a graphite crucible, and a cylindrical tungsten weight was put on top of alumina powder. As shown in Fig. 1(b) , the sample assembly was placed into the furnace which was purged with Ar (6N purity) gas at 
The Fe/Al2O3 inclusion-containing interface was observed using FE-SEM (Hitachi, S-4200). The concentration of oxygen and nitrogen in the iron sample was analyzed by the combustion method using LECO TM TC-300. Compositions of the iron samples are listed in Table 1 . Furthermore, the surface roughness of the alumina substrates (PSSC, USSC, and FAPC) was measured using AFM (Seiko Instrument, SPA400) as shown in Fig. 2. 
Results and Discussion
The effect of supersaturation degree on the morphology and size of alumina particles formed at the Fe/USSC interface was considered in Figs. 3 and 4 . In these experiments, a condition of high supersaturation of Al2O3 ( ) could be obtained by placing the aluminum (0.11 wt% Al) sputteredside up. Suzuki reported that the supersaturation degree was very high (~5.3×10 11 ) when the aluminum was added in the steel melt. 16) A typical dendritic alumina was formed at high supersaturation degree as shown in Fig. 3(a) . Each dendrite was composed of clustered alumina particles with a radius of approximately several tens of nanometers as shown in Fig. 3(b) . The molar volume of alumina, , was 2.80×10 -5 m 3 /mol which was derived from a density of alumina (ρ A=3 640 kg/m 3 ), 17) and the interfacial energy between the alumina and the molten iron, σ , was equal to 2.24 N/m at 1 823 K. 18) Hence, the critical radius of the alumina nucleus, r*, was calculated to be approximately 3.1×10 -10 m, which is qualitatively comparable to the results shown in Fig. 3(b) . Therefore, it is believed that the dendritic alumina particles under conditions of high supersaturation degree could originate from the clustering and sintering of fine alumina particles with a typical size of 10 to 50 nm. In contrast to this, the coral-shaped or globular alumina particles were observed under conditions of low supersaturation degree (~1), as shown in Fig. 4 . Assuming = 1.1, the critical radius of the alumina nucleus was calculated to be approximately 8.7×10 -8 m. As shown in Fig. 4(a) , the coralshaped alumina was formed by diffusional growth of individual alumina particles although some particles detached from the coral structure early in the process due to a local melt flow like the Marangoni flow as shown in Fig. 3(b) . 19) Figure 5 presents the number density of alumina particles at the Fe/USSC interface as a function of reaction time. At the early stage of the reaction, the sizes of the alumina particles were mainly less than 5 μ m, and relatively large particles greater than about 10 μ m were not formed. However, the number of particles greater than about 5 μ m increased with increasing the reaction time, while the number of small particles was continuously reduced. Finally, a bimodal distribution of particles was obtained, which indicates that the large coral-shaped or dendritic alumina particles were formed by coalescence and sintering of the small particles. The rising velocities of the alumina particles due to the buoyancy can be calculated by the following equation: 17) . Therefore, the coralshaped or dendritic alumina particles were initially formed by the diffusion of aluminum and oxygen, followed by the coalescence and sintering of small particles to generate the relatively large particles greater than about 10 μ m. 21) The effect of surface roughness of alumina substrate on the size distribution of alumina particles at the interface between the iron and the substrate is shown in Fig. 6 . The number of particles decreased as their size increased and as the surface roughness decreased. The effect of the interface roughness or curvature on the solute solubility can be considered using the Gibbs-Thomson equation as follows: 22) ............ (9) where Xi,r=r and Xi,r=∞ are the concentrations of solute i (i=Al, O) in the molten iron matrix when the radius of the particle and the interfacial curvature (≅ roughness) are r and infinity, respectively. Thus, the effective concentrations of aluminum and oxygen in the vicinity of a rough alumina substrate, e.g., a FAPC sample, would be higher than those in the PSSC case. However, as a matter of fact, the interfacial energy between the alumina and molten iron is also affected by surface roughness. As measured by Lee et al., 23) the interfacial tension between liquid iron and single crystalline sapphire (C-face (0001)) was about 1 140 mN/m, while that between iron and polycrystalline alumina was 1 520 (±115) mN/m. Therefore, an abundance of large alumina particles at the Fe/FAPC interface can be attributed to the effects of the increased surface roughness and interfacial energy on the effective concentrations of the aluminum and oxygen in the iron melt as explained by the Gibbs-Thomson equation.
Conclusions
Under the conditions of high supersaturation degree, dendritic alumina inclusions are formed not by a nucleation and growth mechanism of each alumina nucleus but by the sintering of several tens of nanometer particles. In contrast to this, coral-shaped or globular alumina particles are formed by a diffusional process under low supersaturation conditions. Alumina particles are initially formed by the diffusions of aluminum and oxygen, followed by the coalescence and sintering processes, which results in the generation of relatively large particles greater than about 10 μ m. The number of large alumina particles increases in the order of "Fe/Fused alumina poly crystal > Fe/Unpolished sapphire single crystal > Fe/Polished sapphire single crystal" systems, which can be explained by the Gibbs-Thomson equation. 
